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Abstract: A case study of the green metrics analysis of sev-
eral processes is described. The considered system is the 
simultaneous etherification of isobutene and isoamylenes 
with ethanol over AmberlystTM 35. Experimental results 
are compared under the green metrics methodology with 
those for the isolated ethyl tert-butyl ether and tert-amyl 
ethyl ether syntheses previously reported over acid ion-
exchange resins using different reaction batch devices 
and different synthesis pathways, such as the production 
of both ethers from tertiary alcohols and from ethanol. 
The best results, from an environmental point of view, 
were obtained for ether syntheses from olefins and etha-
nol in terms of the parameters measured in the green met-
rics analysis. A process allowing the separation of ethers 
from the product stream and the reactants recirculation 
has been proposed and simulated. The suggested process 
depicts a suitable alternative for the simultaneous pro-
duction of tertiary ethers from pure olefin feed and their 
downstream implementation as greener fuel additives 
with environmental benefits.
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AE atom economy (MWproduct·MWreactants-1)
bRVP blending Reid vapor pressure (MPa)
Cfactor carbon factor (gCO2(cradle to gate)·kgproduct-1)
CME carbon mass efficiency (g C-product g C-reactants-1)
Efactor environmental factor (gwaste gproduct-1)
ETBE ethyl tert-butyl ether
EtOH ethanol




MRP mass recovery parameter (dimensionless)
MW molecular weight (g mol-1)
P pressure (MPa)
PFD process flux diagram
PMI process mass intensity (gall reactants and products·gproduct-1)
RA/O initial molar ratio alcohol to olefins
RC4/C5 initial molar ratio C4 to C5 olefins
RME reaction mass efficiency (gproduct·gall reactants-1)
SF stoichiometric factor (ger·gsr-1)
STR batch stirred tank reactor
STY space time yield (gproduct·Lreactor-1·h-1)
T temperature (°C)
TAA tert-amyl alcohol
TAEE tert-amyl ethyl ether
TBA tert-butyl alcohol




sr  stoichiometric reactants or reactants with no 
excess
tp target product
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1  Introduction
Air quality, especially in urban areas, has shown a sharp 
deterioration due to the exponential increase in the use 
of transportation fuels. The ensuing increase of pollut-
ants emitted to the atmosphere from fuel combustion has 
been considered as a concern. To mitigate and prevent this 
effect, major efforts and new legislation have been devoted 
to fuel reformulation. For instance, in Europe, the last 
European Directives 2009/28/EC and 2009/30/EC establish 
the main guidelines. They take into account some preven-
tion measures in order to deliver cleaner fuels and toward 
the greenhouse gas emission reduction goals. The new 
generation of fuels has been developed by decreasing the 
olefin content, increasing oxygenates content (mainly bio-
alcohols and bioethers) and reducing the blending Reid 
vapor pressure (bRVP) of fuel. New trends support the idea 
of fossil fuel free vehicles based on renewable energies. 
This sort of technology still needs to be further developed 
in order to be installed and spread out in the society at low 
price and with high energetic yield. It is obvious that the 
whole vehicle fleet and the way in which actual refineries 
produce fuels cannot suddenly disappear. Instead of one 
or another alternative to accomplish the energetic require-
ments for transportation, a gradual change from actual 
fuels toward vehicles working with both renewable energy 
and reformulated fuel, would result in a more interesting 
chance toward the forthcoming future.
By the optimisation of current fuels, mostly diesel 
and gasoline, better yields and lower evaporative and 
exhaust emissions could be achieved [1, 2]. The oil indus-
try is undergoing a transition from petroleum to biomass 
varying their composition to improve the sustainability of 
fuels, chemicals and materials. Concerning fuels, oxygen-
ated compounds, namely alcohols and ethers, have been 
gaining relevance in the gasoline and diesel markets. The 
use of oxygenates such as alcohols, ethers and esters in 
hydrocarbon fuel is known to improve the combustion 
process and reduce the emissions [3]. With respect to 
gasoline, the most widely used additive is ethanol (EtOH) 
and ethers such as methyl tert-butyl ether (MTBE), ethyl 
tert-butyl ether (ETBE) and in a lesser extent, tert-amyl 
methyl ether (TAME) and tert-amyl ethyl ether (TAEE) are 
also promising alternatives.
Although MTBE has been widely used, its usage has 
been banned in many countries owing to its solubility 
in water and because methanol and its derivative ethers 
(MTBE and TAME) are mostly derived from natural gas, 
contributing to global warming [4]. Bioethanol is an impor-
tant green chemical obtained by biomass fermentation [3] 
and ethanol derivative ethers (ETBE and TAEE), known as 
bioethers, are very promising as fuel additives. Ethanol 
can be directly blended to gasoline (gasohol). However it 
presents some drawbacks. For instance, corrosion prob-
lems and the net energy value of ethanol are still uncer-
tain. Furthermore, the overall air pollutant emissions from 
gasohol usage are higher than that of conventional gaso-
line due to its high bRVP [5, 6]. The specific fuel consump-
tion induced by direct blending of ethanol is 40% higher 
than that induced by ethers (ETBE and TAEE) [7], and its 
high oxygen content can promote nitrogen oxides forma-
tion or limit the amount of blended additive in order to 
fulfill the maximum oxygen content allowed by legislation 
[8]. Chemical conversions of ethanol into esters or ethers 
are ways to overcome these problems. Thus, a better utili-
sation of bioethanol is by means of incorporation as fatty 
acid esters to biodiesel, and as ETBE and TAEE to reformu-
lated gasoline. In addition, ethers being quite unreactive 
can be used as efficient solvents for oils, paints, resins, 
dyes and hydrocarbons and those with high boiling points 
can be used as solvents in chemical reactions [3].
Generally, ETBE and TAEE can be produced by EtOH 
etherification with isobutene (IB) and isoamylenes (IA), 
respectively, over acid catalysts such as ion-exchange 
resins and zeolites. Using the same catalysts, an alterna-
tive ether synthesis route is via an intermolecular dehydra-
tion reaction between the corresponding tertiary alcohol 
and short chain primary alcohol; for instance ETBE can 
be produced by reaction between tert-butyl alcohol (TBA) 
and EtOH. The analogous reaction of tert-amyl alcohol 
(TAA) and EtOH leads to TAEE. In addition, TAEE can be 
produced from the C5 reactive olefins (IA), which are the 
olefins with the highest bRVP, the highest atmospheric 
reactivity, the highest potential of tropospheric ozone for-
mation and the largest in proportion (above 25 wt%) of 
the olefins present in gasoline [9]. Simultaneous produc-
tion of ETBE and TAEE can be regarded as an interesting 
synthesis from an environmental point of view, because it 
is a versatile process that allows processing the excesses 
of C4 and C5 fractions in the separation units from refiner-
ies. Indeed, many refineries have fluid catalytic cracking 
or steam crackers which produce mixed C4 and C5 olefinic 
streams. Moreover, the simultaneous process could con-
stitute the integration of two etherification processes at 
industrial scale with the advantages derived from process 
optimisation, integration and intensification such as 
savings at installation, operation and maintenance costs.
The next phase of the process of designing a more 
efficient and sustainable chemical industry will be the 
successful application of green catalytic technologies in 
the efficient synthesis of organic chemicals, such as fuels 
and other commodities, from renewable resources. The 
Brought to you by | University of Limerick
Authenticated
Download Date | 1/29/20 1:20 PM
R. Soto et al.: Green metrics analysis applied to ETBE and TAEE simultaneous production      323
challenge in heterogeneously catalysed process is driven 
by the need for selective chemistry, with high reaction 
yield and few side reactions. The existence of competing 
routes makes the choice of the catalyst, raw materials and 
experimental conditions crucial steps to develop chemi-
cal processes as efficient as possible. Many environmental 
and chemical factors must be considered simultaneously 
when selecting a synthetic route [10, 11]. At the first step 
of development, the so-called “Green Chemistry Metrics” 
is a very useful tool to inform decisions making about the 
process design [12, 13]. The metrics can be used during 
route (chemical pathway) selection, to compare between 
several options according to green principles, chemical 
and energetic efficiencies, since much deeper insights are 
gleaned about synthesis strategy if metrics are used. The 
green metrics analysis (GMA) constitutes itself a quantita-
tive methodology to test the material and strategy efficien-
cies of a proposed plan against prior published plans at 
the chemical route selection design stage [14].
The concept of green chemistry metrics and meth-
odology actually deals with reaction optimisation with 
respect to materials and energy use, waste reduction from 
all sources and overall cost minimisation [15]. They also 
include aspects on minimisation of toxicity, hazards, cor-
rosion and the maximisation of safety practices. When 
analysing the green metrics related to a process, there are 
several graphical methodologies to evaluate the metrics 
based on the results of the analysis. For instance, the per-
centage kernel and the percentage total waste distribution 
profiles, the reaction yield profile, the reaction mass effi-
ciency profile, the synthesis tree diagram and the radial 
pentagons each relate to each step of the process [14]. 
The GMA enables some important applications, such as 
(i) comparing a new synthesis with other published plans 
with respect to material efficiency and cost, (ii) highlight-
ing, comparing and contrasting strategy and material 
efficiencies of various approaches. It is also a useful meth-
odology to optimise a procedure or an entire synthesis 
plan and as a way of tracking progress for chemical indus-
tries and, to know the best route according to material 
efficiency, cost, and safety. By their application, chemical 
industries can improve their awareness of environmental 
issues related to new products as well as to existing ones. 
In this purpose, the radial pentagon analysis that stems 
from the calculations of green metrics is of invaluable 
help in assessing reaction “greenness”. This methodology 
is extremely important and educational for scientists as it 
enables to critically review plans and ultimately to choose 
the best possible synthetic approach [14].
The GMA results in a useful technique to identify 
the best chemical pathway. It is also a tool to evaluate 
whether the process needs to reduce reaction solvent 
usage, to avoid using excess reagents, except when there 
is a chemical reason (as in driving equilibrium toward 
product), or to select lower-mass reagents. It also allows 
determining whether the process needs to optimise the 
reaction yield by tweaking such parameters as reaction 
time, reaction temperature, reaction pressure or the use 
of catalyst. To the best of our knowledge, there are no evi-
dences of studies comparing the inherent green chemistry 
of the different options that emerge from bioethers syn-
thesis. Hence, the aim of the present study is to analyse 
the simultaneous etherification of IB and IA with EtOH in 
the liquid phase over AmberlystTM 35 under the GMA in 
order to compare several batch processes and synthesis 
pathways of isolated syntheses for both ETBE and TAEE.
2   Materials and methods 
2.1  Experimental conditions and setup
A 200 cm3 stirred tank batch reactor (Autoclave Engineers, 
Pennsylvania, US) was used to carry out the experimen-
tal work. The reactants used were isobutene (>99.9% GC, 
Air Liquide, Madrid, Spain), isoamylenes mixture (96% 
GC 2-methyl-2-butene and the rest 2-methyl-1-butene, TCI 
Europe, Zwijndrecht, Belgium) and ethanol absolute 
dry (max. 0.02 wt% water, Panreac, Barcelona, Spain). 
Based on our previous works [16], an initial molar ratio 
alcohol to olefins (RA/O) and an initial molar ratio between 
IB and IA (RC4/C5), both equal to unity and T = 60°C, were 
chosen as optimal conditions to maximise the simultane-
ous production of both ETBE and TAEE. The experimental 
setup, extended description of the reaction system, reac-
tants properties, the standards used for calibration, and 
experimental procedure are more detailed elsewhere [16]. 
The catalyst was previously pretreated in order to avoid 
extra sources of water in the system apart from the water 
content in the ethanol used as reactant. The amount of 
pretreated catalyst used was 8 g of AmberlystTM 35 (A-35, 
Rohm & Haas, Chauny, France) with commercial bead 
size distribution. Its more important properties are: acid 
capacity of 5.32 eqH+ kg-1, average particle diameter of 
0.51 mm and specific surface area of 34 m2 g-1 (determined 
by BET method). The remaining amount of water in the 
catalyst was measured by Karl Fisher titration method 
(AF8 volumetric Karl Fisher titrator, Thermo Electron Cor-
poration, Massachusetts, US) for different samples of A-35 
with an average result of  < 3.5 wt% with regard to the dry 
catalyst mass.
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2.2   Calculations for the green metrics 
analysis
Designed as a tool to compare the material efficiency of 
different chemical processes, the GMA consider five para-
meters to be measured and optimised: atom economy (AE), 
reaction mass efficiency (RME), reaction yield (ε), stoichio-
metric factor (SF) and material recovery parameter (MRP), 
in order to evaluate how green a chemical process is from 
an environmental point of view [17]. These five parameters 
can be gathered in one parameter called vector magnitude 
ratio (VMR), defined as the root mean square (also called 
quadratic mean). One important application of the green 
chemistry concepts resides in their translation into math-
ematical language, which easily allows the numerical 
comparison among different chemical routes. In general 
terms, five parameters are used whose values should be 
optimised to get unity. It has been proved to be an effec-
tive methodology to compare hundreds of organic chemi-
cal reactions [18]. AE measures how much of the starting 
material ends in the desired product, that is to say, how 
many atoms of the reactants are included in the structure 
of the final product. Hence, this parameter assesses the 
reaction stoichiometry as it does not consider either the 
reaction yields (ε), the side products produced, or other 
auxiliary materials used [13]. RME takes into account ε, 
the implicated masses of reactants and target product, 
and the actual molar quantities of reactants. SF considers 
the use of excess reactants and MRP considers the use of 
other materials in the reaction and post-reaction phases 
(work up and purification), such as solvents and washings 
for extractions, and whether they are recovered.
Since the different metrics focus on different process 
scopes, for instance AE focus on reaction stage while MRP 
includes the downstream processing, it is important to 
clarify that the GMA must be performed to each step of the 
process, building the corresponding radial pentagons for 
each stage. Otherwise, the interpretation of results could 
be difficult and may lead to confusions when comparing 
different processes. It should be noticed that the scope of 
the present work was focused on the reaction stage, con-
sidering the material inputs and outputs of the reaction 
zone. The purification stage and other downstream pro-
cesses were excluded from the analysis due to the differ-
ences in final composition of the evaluated approaches 
and due to the lack of accurate information on required 
work-up and purification materials.
Additionally, beyond these five metrics, other rel-
evant environmental, health and safety issues must be 
considered such as the environmental factor (Efactor) and 
the carbon mass efficiency (CME). The Efactor quantifies 
the amount of waste formed in the synthesis of chemical 
compounds as the weight ratio of the amount of waste 
created to the product formed [19, 20]. It can also include 
all the steps in a chemical synthesis, upstream or down-
stream of the reaction step. Under stoichiometric condi-
tions and assuming that all solvents and catalysts are 
recycled, Efactor and RME are related and the use of both 
metrics becomes unnecessary. CME or carbon efficiency 
measures the sustainability of a process. It is defined as 
the percentage of carbon in the reactants that remains in 
the final product [10]. Thus, the ideal reaction system cor-
responds to CME = 100%, and a reaction with lower CME 
represents an amount of carbon that can eventually end 
in a waste stream or as emissions. Finally, other helpful 
metrics to assess the inherent green chemistry of a process 
are the process mass intensity (PMI) and the carbon factor 
(Cfactor). PMI is defined as the total mass of materials used 
to produce a specified mass of product and the Cfactor 
quantifies the amount of CO2 produced per mass unit of 
product formed. Besides, there are other metrics such as 
the Energy Loss Index, that is an indicator to estimate the 
energy-related efforts associated with the process and the 
space time yield (STY) that assesses the speed at which 
reaction occurs [13].
Based on the definitions found in previous key publi-
cations [10, 13, 17, 18, 20–22], the main parameters of the 
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In addition to the aforementioned metrics that con-
stitute the core of the analysis carried out in the present 
study, the Efactor, Etotal, CME and PMI were also evaluated by 
means of the following expressions:
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All these metrics were calculated following the radial 
pentagon spreadsheet algorithm proposed by Andraos for 
linear single reactions [14, 17]. In order to substantiate the 
algorithm calculations and procedure, the Supplemen-
tary Material section includes all the metrics calculation 
and the radial pentagon diagram for each of the evalu-
ated approaches. It also contains the mass data for all 
the ingredients (masses of reactants, catalysts, reaction 
solvents, any other auxiliary materials, and the mass of 
target product) used in each case.
3  Results and discussion
3.1   Reaction stoichiometry and system 
description
The main reactions studied are depicted in Figure 1. Reac-
tion R1 is the etherification reaction between IB and EtOH 
to form ETBE. R2 and R3 are etherification reactions of IA, 
2-methyl-1-butene (2M1B) and 2-methyl-2-butene (2M2B) 
respectively, with EtOH to produce TAEE, and the last reac-
tion, R4 is the double bond isomerisation reaction between 
2M1B and 2M2B. For calculation purposes, henceforth 
reactions R2–R4 will be considered as a global reaction in 
Figure 1 Reaction scheme.
which 2M1B and 2M2B are considered as one component 
hereinafter called isoamylenes (IA). Therefore, the simul-
taneous system is divided into two subsystems, ETBE and 
TAEE formation cases, each one obtained with the corre-
sponding stoichiometric amount of EtOH. Furthermore, 
R4 is not stoichiometrically independent since it is a linear 
combination of R2 and R3. These considerations are further 
applied to the calculations in the GMA in order to properly 
compare the results with those reported in the literature for 
the isolated syntheses of ETBE and TAEE.
Experimental conditions were chosen to favour etherifi-
cation reactions over the rest of reactions. The olefins selec-
tivity towards their correspondent ethers was higher than 
98.9%, the only side products being the tertiary alcohols 
(TBA and TAA) formed as a consequence of the remaining 
water in the catalyst after the pretreatment and the water 
present in the EtOH used as reactant. Obtained equilibrium 
conversions were 95.5, 72.3 and 50.2% for IB, EtOH and IA, 
respectively. No oligomerisation products were detected 
in the present study due to the low temperature. The used 
amount of catalyst led the reaction system to reach chemi-
cal equilibrium compositions in approximately 150 min of 
reaction, consistent with the relatively high etherification 
rates values obtained over A-35. It is worthy to note that 
the catalyst mass was not optimised in the present work. 
However, the differences in the green metrics values due to 
variations in the catalysts load are present in the RME and 
MRP values for the partial reclaiming and no reclaiming 
series from the radial pentagon diagrams.
3.2  Green metrics analysis
The main parameters of the GMA (AE, ε, RME, SF-1 and 
MRP) calculated by using Eqs. 1–5 are displayed graphi-
cally as a radial pentagon depicting a “material usage 
footprint”. Therefore it is easy to recognise which of the 
five factors are contributing to an attenuation of VMR (Eq. 
6) and, therefore, to the total process material efficiency. 
This efficiency is directly related to the environmental 
performance since the optimum exploitation of the reac-
tion ingredients in terms of mass allows the minimisation 
of side products, waste and other purification materi-
als. Each radial pentagon axis corresponds to one of the 
five parameters, emanates from the centre and ranges in 
values from zero to one. Values of these parameters are 
depicted as dots and are connected to form a pentagonal 
figure. The ideal “green” situation is depicted by a regular 
pentagon of unit radius where each parameter is equal to 
one. The less “green” a reaction is, the more distorted the 
resultant pentagon toward the centre. These diagrams can 
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help ascertain by visual inspection which reaction classes 
are inherently “green” and which are not. The degree of 
distortion of the radial pentagon from its regular ideal 
shape may be directly related to which parameters are 
responsible for that distortion.
For the sake of comparison, GMA is performed on the 
experimental data of this work and on the data found in 
several works in the literature concerning different iso-
lated ETBE and TAEE syntheses. The resulting GMA radial 
pentagons for ETBE and TAEE syntheses are presented in 
Figures 2 and 3, respectively. The reactor input and output 
are given in terms of mass in Table 1. Selected biblio-
graphic references [4, 23–31] refer to batch processes and 
include batch reactive distillation [25, 29, 30], stirred tank 
reactors (STR) [4, 23, 24, 26–28, 31] and also comprise two 
ethers synthesis pathways; from tertiary alcohols (TBA 
and TAA) and EtOH [4, 25–27, 31] and from tertiary olefins 
(IB and IA) and EtOH [23, 24, 28–30]. Besides the compari-
son of Figures 2 and 3, obtained values for the main green 
metrics are summarised in Table 2 in order to compare 
them numerically. The catalyst used, temperature (T), 
Efactor, Etotal and CME [13, 20] calculated following the Eqs. 
7–9 are also included in Table 2.
Regarding ETBE synthesis, the most suitable synthe-
sis pathway seems to be in a batch reactor (STR), under 
IB and EtOH stoichiometric conditions (Figure 2A and C). 
Obviously, the use of solvents (Figure 2B) diminishes RME 
and MRP and would lead to a rise of the overall costs of the 
process, so its use is not advisable unless absolutely nec-
essary. The synthesis of ETBE from TBA and EtOH (Figure 
2D, E and F) leads to water formation and it reduces 
considerably the reaction yield, AE, and RME. Further-
more, it promotes some azeotropes formation, what 
increases the downstream difficulty of components sepa-
ration owing to the simultaneous presence of considerable 
amounts of water, EtOH and ETBE. Interestingly, reactive 
distillation allows higher yield in the synthesis of ETBE 
from TBA and EtOH (Figure 2D), but an excess of EtOH is 
required and hence lower RME and SF are obtained.
With respect to TAEE formation, its synthesis from ter-
tiary olefins (IA) and EtOH yields the best results (Figure 3A 
and B), analogously to the optimum route selected for 
ETBE synthesis, although its synthesis is less favourable 
in terms of reaction yield compared to ETBE synthesis. It 
is due to the lower reactivity of IA with EtOH compared to 
that of IB. TAEE synthesis in a STR is more favourable from 
IA and EtOH than from TAA and EtOH, in terms of AE, ε 
and RME. A similar yield or yield improvement can be 
achieved by reactive distillation of IA and EtOH (Figure 3C 
and E). However, it requires an EtOH excess to promote the 
etherification reaction and to avoid dimerisation of olefins 
due to the higher temperatures throughout the column 
compared to batch reactor process, so it becomes less effi-
cient in terms of RME and SF. Comparing TAEE synthesis 
from TAA and EtOH (Figure 3D and F), the use of a STR 
under stoichiometric conditions is more suitable than the 
use of reactive distillation of EtOH and IA (Figure 3C and 
E) in terms of RME and SF. This is because reactive distilla-
tion requires an excess of EtOH to avoid IA dimerisation, as 
explained above, and it consequently implies oversizing 
the operation units. This alcohol excess also implies that 








































































Umar et al. [27]
A B C
D E F
Figure 2 Evaluated cases for ETBE synthesis.
(—) Complete reclaiming, (—) partial reclaiming, (—) no reclaiming, (—) ideal.
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Table 1 Mass balance data for the run at 60°C, RA/O = RC4/C5 = 1 over 
A-35.
Time (min)   0   360
Component  Initial (g)   Final (g)
IB   34.50   1.57
ETOH   59.18   16.08
2M1B   2.20   1.58
TBA   -   0.44
2M2B   41.80   18.83
ETBE   -   59.50
TAA   -   0.40
TAEE   -   39.29








































































Aouiache and Goto [31]
A B C
D E F
Figure 3 Evaluated cases for TAEE synthesis.
(—) Complete reclaiming, (—) partial reclaiming, (—) no reclaiming, (—) ideal.
so additional purification steps would be necessary. Nev-
ertheless, higher yields can be achieved by reactive distil-
lation of IA and EtOH (Figure 3C and E) and this pathway 
avoids water formation and subsequent risk of azeotropes 
formation. Observed differences between obtained results 
in this work and those for the analogous isolated ether 
syntheses in STR are attributed to the experimental error 
and the slight excess of EtOH used (RA/O = 1.03), which was 
taken into account for the calculations of both ETBE and 
TAEE cases.
It is worthy to note that series corresponding to partial 
and complete reclaiming for the evaluated cases in the 
GMA performed are depicted in Figures 2 and 3 (pink and 
blue series, respectively), however, they are overlapped 
by no reclaiming series (red one). This occurs because the 
main substances considered in this reclaiming analysis 
are reaction solvents, catalyst and side products [22]. As 
the amounts of catalyst used were relatively low, very 
small amounts of side products were formed and the syn-
theses were carried out in the absence of solvents. In most 
of the evaluated cases these series overlapped. Although 
in this study the partial and complete reclaiming series 
do not provide extra information compared to no reclaim-
ing series, they can be essential in the analysis of other 
processes in which the amounts of catalyst, solvents and 
by-product could be higher and therefore they could be 
optimised. Besides, it is to be highlighted that reclaiming 
refers to the recovering (retrieval) of solvents, side prod-
ucts and catalysts to repair them and to reuse them later 
on. Recycling refers to processing the unreacted reactants 
into new products in order to prevent waste of potentially 
useful materials and to reduce the consumption of fresh 
raw materials. In other words, reclaiming includes only 
the separation of these materials from the target product 
whereas recycling includes the separation and the reuse.
Values of VMR from Table 2 show that synthesis of 
both ethers from the corresponding olefin and EtOH in 
a STR, either in the simultaneous process or the isolated 
ones, is the most suitable chemical route in terms of this 
unifying metric, especially for TAEE. The low values of 
Etotal and the process temperature confirm this result. The 
highest values of VMR and the lowest ones of Etotal from 
Table 2 were obtained for the isolated ETBE and TAEE syn-
thesis from the corresponding tertiary olefin and EtOH. 
As mentioned, the difference with respect to the results 
obtained for the present simultaneous synthesis can be 
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attributed to the slight excess of EtOH used, which led 
to slightly lower values of SF-1, RME and MRP. The PMI 
values evaluated using Eq. 10 have been excluded from 
Table 2. Since this metric measures the total mass used in 
a process per mass of final product, it can be expressed as 
1+ Etotal for calculations purposes in the present study [10]. 
Consequently its values are easily deduced from those of 
Etotal. Finally, regarding values of CME, all the evaluated 
cases entail chemical reactions in which, apart from the 
small amount of tertiary alcohols formed, all the carbon 
atoms in the reactants end up in the target product mol-
ecule. Hence, there is no special risk of downstream 
carbon emissions due to by-products formation, provided 
that reactants are recycled or retrieved, because small 
amounts of TBA and TAA could also be blended to gaso-
line. Therefore, CME values for the present study mainly 
reflect the conversion referring to the carbon atoms within 
the process that end up in final product, as this metric 
considers stoichiometry and reaction yield. Table 2 values 
confirm this statement as well as the aforementioned 
selected chemical process and pathway. The fact that the 
highest CME value for ETBE synthesis was obtained for 
the present work can be due, as well, to the slight excess of 
EtOH used, that faintly favoured the ETBE synthesis over 
the TAEE one. It is also shown in the higher yield value 
obtained for the simultaneous etherification compared to 
that for the isolated ETBE synthesis. As a consequence, 
the highest value of CME for TAEE synthesis was obtained 
for the isolated reaction of IA and EtOH and not for the 
simultaneous synthesis of ETBE and TAEE.
Further study on toxicity of the involved compounds 
and the evaluation of different options for the produc-
tion of ethers in continuous operating mode (plug flow 
reactor, continuous stirred tank reactor and continuous 
reactive distillation) becomes necessary to ascertain the 
most efficient process. In addition, the process evaluation 
in other design stages, such as early and late develop-
ment, in which overall costs (installation, operation and 
maintenance), total emissions and a thorough evaluation 
of the green chemistry related to each process step from 
the “cradle to gate”, are essential to the overall analysis of 
the process viability. Very valuable analysis tools for this 
purpose would be the life cycle analysis and other green 
metrics such as the added value index, the STY, the effec-
tive mass yield and the Cfactor, for instance. At any rate, 
obtained results in this work are focused on the chemi-
cal pathway selection and reflect the main shortcomings 
of the evaluated processes, allowing therefore the sugges-
tion of alternatives to overcome them. On this purpose, a 
continuous process for the simultaneous production of 
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main drawback found in the batch operation mode, which 
is to virtually achieve total reactants conversion.
3.3  Continuous process simulation
Among several possible setups, distillation after reaction 
zone has been chosen because this configuration allows 
the separation of reaction and purification into two dif-
ferent units. This is important because of the different 
optimal temperatures for each operation and also because 
the pressure control throughout the column can be trou-
blesome in reactive distillation. Based on the obtained 
results, the simultaneous etherification process in an 



















Figure 4 Simulated process PFD for ETBE and TAEE simultaneous 
production.
(1–7″) Material streams. (E1–E4) Energy streams. (M) Mixer. (ER) 
Equilibrium reactor. (DC) Distillation Column. (RCY) Reactants 
recycle. (C) Cooler.
Table 3 Material streams composition and conditions for the simulated PFD.
Stream/composition 
(molar fraction)
  1   2   3   4   5   6   7 = 7′   7″
2M1B   0.07   0   0   0.016   0.012   0   0.024   0.024
2M2B   0.93   0   0   0.206   0.145   0.001   0.298   0.298
IB   0   0   1   0.235   0.036   0   0.074   0.074
ETBE   0   0   0   0.053   0.393   0.61   0.163   0.163
EtOH   0   1   0   0.487   0.237   0.05   0.434   0.434
TAEE   0   0   0   0.002   0.178   0.339   0.007   0.007
Molar flow (kmol h-1)   1   2.95   1.80   8.533   5.732   2.948   2.783   2.783
T(°C)   60.0   60.0   60.0   60.0   60.0   200.6   137.4   60.0
P (MPa)   1.5   1.5   1.5   1.5   1.5   1.5   1.5   1.5
Heat (MJ h-1)   -63.7   -804.5   -58.96   -1478   -1552   -887.4   -511.8   -551.4
a distillation column has been simulated using Aspen 
HYSYS v. 2006.5 (AspenTech). The fluid package selected 
was the UNIQUAC model for the liquid phase and ideal 
gas for the gaseous phase, and the UNIFAC parameters 
were also used by setting binary coefficients for liquid-
liquid equilibrium due to the non-ideality of the system. 
The Poynting correction factor was also considered to take 
into account the effect of pressure over the reactor output 
equilibrium composition. The steady state simulation has 
been performed by using a sparse continuation solver.
The resulting process flux diagram (PFD) is depicted 
in Figure 4 and the material streams composition and 
main properties are summarised in Table 3. The initial feed 
molar ratios RA/O and RC4/C5 in the equilibrium reactor input 
were both adjusted approximately to unity. These are the 
same conditions as the experiment carried out in the first 
part of the present work (taking into account that a slight 
excess of ethanol would prevent oligomerisation reac-
tions), as it is observed in the stream 4 composition. For 
the simulation, it was assumed that the reactor size was 
large enough to reach chemical equilibrium compositions 
at 60°C. The equilibrium constants for main reactions (see 
Figure 1) at 60°C were experimentally obtained previously 
[16] and were used in the simulation of the equilibrium 
reactor that enables to know the compositions at steady 
state for the reactor output. After the distillation unit, the 
separated unreacted olefins (IA and IB) and EtOH were 
recycled to the reactor inlet.
The column is equipped with 10 separation trays 
(the 10th tray being the optimum feed stage for the entry 
to the column), a partial reboiler and total condenser. 
The tray diameter obtained was 1.5  m and the space 
between trays was 0.55 m (total high of 5.5 m). The exter-
nal reflux ratio was set to 3 and the obtained minimal 
reflux ratio was 0.203. A condenser temperature of 
137.4°C and a reboiler temperature of 200.6°C were 
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obtained. Only eight iterations were needed to reach 
numerical convergence. The column working pressure 
was set to 1.5 MPa in order to avoid the limitations of the 
azeotropic mixture formed by ethers and EtOH at lower 
pressures. Higher pressures would contribute to facili-
tate the separation, but at the expense of increasing the 
column energetic requirements. The same pressure was 
set to all the devices from the PFD to keep the liquid 
phase throughout the whole reacting zone and the up-
downstream piping.
The proposed configuration for the process units was 
also suggested in a study of the possible configurations 
and operating conditions for tert-butyl ethers production 
[32]. A column producing ETBE as bottom product would 
contain a 9 mol% (4 wt%) of ethanol, but this is not neces-
sarily a problem since EtOH is also an effective oxygenate. 
In case that a higher ether purity is desired, another sepa-
ration unit would be required. Based on this configuration 
and the obtained results, the distillation unit to obtain a 
high purity ETBE and TAEE stream has been simulated. 
The separation of reactants and products in the present 
simulation could be achieved in a simple fractionation 
column with low energy requirements. Nevertheless, 
the overhead product (stream 7) contains the unreacted 
olefins and a minimum boiling point azeotrope between 
ETBE and EtOH. Therefore, some ETBE would be recycled 
on recirculating EtOH (about 20 mol% of the amount fed 
to the column), thereby slightly increased investment and 
operating costs would be required. However, since more 
than 80 mol% of ETBE and 99.9 mol% of TAEE fed to this 
column would leave with the bottoms product, stream 6 
(high purity ethers stream), this shortcoming is consid-
ered acceptable.
The ethers product stream (stream 6) was composed 
mainly of ETBE and TAEE. No further separation of ethers 
and EtOH was considered due to the relative difficulty in 
separating the formed azeotropic mixture between them. 
If more purity is required in stream 6, a higher pressure, 
a bigger column and a higher recirculation ratio with 
a higher ETBE and TAEE content are necessary. For this 
reason, a product stream containing a maximum of 0.05 
(molar fraction) of EtOH was considered as a direct stream 
to be added to fuel. Molar fractions of ETBE and TAEE in 
this stream are 0.61 and 0.34, respectively. This additive 
possesses a potential application in gasoline formula-
tions. Compared to the direct blending of EtOH, it implies 
far lower volatility, lower solubility in water and less 
emissions derived risks. Furthermore, ethers presence, 
especially TAEE, enhances EtOH solubility in fuels [33–35] 
reducing the possibility of phase separation [1]. In addi-

























Figure 5 Radial pentagon diagrams for ETBE and TAEE cases in the 
simulated continuous process.
(—) Complete reclaiming, (—) partial reclaiming, (—) no reclaiming, 
(—) ideal.
usage as raw material (stream 2) and avoids an extra-unit 
for EtOH recovering.
The simulated process presents the advantage 
of recovering practically all the unreacted reactants, 
achieving overall reactant conversion of 97.4%, which 
is undoubtedly a desirable improvement. To assess the 
upgrading that could be achieved with the simulated con-
tinuous process compared to experimental batch results, 
the system has been evaluated under the GMA. Resulting 
radial pentagon diagrams for ETBE and TAEE are plotted in 
Figure 5. As it can be seen, non-reacted reactants recycling 
constitutes an approach to the ideal process (depicted by 
a perfect pentagonal shape of unit radius) for synthesis 
of both ethers, especially for the TAEE case. The obtained 
values for the main green metrics and the other relevant 
metrics studied in this work, such as CME and Etotal, are 
shown in Table 4 and confirm the improvement achieved 
with the continuous process.
Finally, it should be noted that the STR processes from 
the literature mentioned earlier in this paper, particularly 
those corresponding to isolated ETBE and TAEE synthe-
ses from tertiary olefins and EtOH, could achieve similar 
improvements when produced in continuous operation 
mode with a subsequent step of distillation to recycle the 
unreacted reactants. Also the analogous synthesis carried 
out in a reactive distillation setup operating in continuous 
mode would show a noticeable improvement. However, 
the processes in which ethers are produced from ethanol 
and tertiary alcohols would not show similar improve-
ments, even with a different process design. This is 
because the considerable amounts of water formed would 
lead to difficulties in separating the azeotropic mixture of 
ethers, alcohols and water and because water, as a side 
product would result in a drawback to the process mate-
rial efficiency.
Brought to you by | University of Limerick
Authenticated
Download Date | 1/29/20 1:20 PM
R. Soto et al.: Green metrics analysis applied to ETBE and TAEE simultaneous production      331
4  Conclusions
The employed methodology has proved to be an efficient 
technique to compare numerically the inherent green 
chemistry of several etherification systems, such as the 
different ether synthesis pathways and the evaluated 
batch processes. In terms of the parameters obtained 
in the GMA, the simultaneous etherification of the cor-
responding tertiary olefins (IB and IA) with EtOH to 
produce ETBE and TAEE at 60°C is more favourable than 
their synthesis from the corresponding tertiary alcohols 
(TBA or TAA) and EtOH in batch operation mode. Batch 
reactive distillation presents the advantage to improve 
the reaction yields for both synthesis pathways. However, 
it implies device oversizing due to the necessity of work 
under non stoichiometric conditions and it results in 
lower values of RME and SF-1 compared to STR processes.
The simulated continuous process speaks for the fea-
sibility of industrial application to produce high octane 
and low volatility fuel additives with high purity, avoiding 
extra separations units apart from the required distillation 
to recycle reactants. The process comprises an equilibrium 
reactor followed by a distillation column working at 1.5 MPa 
and represents a potential improvement of the process effi-
ciency by means of the practically total reactants conver-
sion (97.4%). This alternative simultaneous etherification 
route offers high conversion, low implementation and oper-
ating costs, and high quality fuel additives. It also preserves 
the advantages of syntheses of isolated ethers and repre-
sents an interesting alternative toward versatile bioethers 
production according to the benefits derived from process 
optimisation, integration and intensification.
Acknowledgments: The authors are grateful to Rohm and 
Haas France SAS (The Dow Chemical Company) for pro-
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Table 4 Obtained values for the green metrics evaluated for the 
simulated continuous process.
Metric   ETBE   TAEE
AE   1.00   1.00
Rxn Yield  1.00   1.00
SF-1   0.96   0.94
RME   0.92   0.88
MRP   0.96   0.94
VMR   0.97   0.95
E-total   0.08   0.13
CME (%)   97.30   95.61
All metric values refer to no reclaiming analysis.
[Correction added after ahead-of-print publication on 
September 18, 2014: 5.32 meqH+ kg-1 on page 323 was 
updated to 5.32 eqH+ kg-1; on page 330 the sentence 
“However, the processes in which ethers are produced 
from tertiary olefins and tertiary alcohols would not 
show similar improvements, even with a different process 
design.” was updated to “However, the processes in which 
ethers are produced from ethanol and tertiary alcohols 
would not show similar improvements, even with a differ-
ent process design.”]
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